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HATIONAL ADVISORY COMMITTERE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT --

EFFECT OF WING LOADING AND ALTITUDE ON LATERAL STABILITY
AYD CONTROL CHARACTERISTICS OF AF AIRPLANE AS DETERMINED
BY TZSTS OF A MODEL IN THE FREE-FLIGHT TUNNEL

By John P, Campbell and Charles L, Seacord, Jr.
SUMMARY

An investigatlon to determine the effects of wilng
loading and altitude on lateral stabllity and control has
been carried out in the NACA free~flight tunnel. The ra-
sults of flight tegts of the modul were corrsleted with
calculated stability boundaries, and an effort was made
to determlne for each loading condltlion the alrplans con-
figuration that gave the best flight characteristics.

By changing the welght of the modsl, the relative den~-
elty was varled to represesnt alrplare wing loadlngs of 16
to 90 pounds peor squaro foot at sea level.or lighter loads
at altitude. The dihedral angle was varied from 0° to
11.5° and the vertical-tall area from 3,5 to 14 percent
of the-wing aren.

The tests showed that 1increaslng wing loadlng and
altlitude d1ld not affect spiral stability but reduced
osclllatory stadbility, increased the difficulty of maln~
talning wing-level flight, and caused the general fllght
bohavior to become worse, The best flight characteristilcs
at all loadings woere obtained with conditions of amall
dlhedrsl and large vertical-tall area.

INTRODUCTION

Recent nmilitary airplane design trends have besn to-
ward increassed wing loadling and increasad celling. These
changes comblne to cause incresasas in the factor u, the
ratio of alrplane density to alr density, because this
factor varles directly with both wing loading and altitude.
Recent theorstlical papers (references 1 and 2) have pointed



out that difficulty may be experisnced in obtalninz dynamic
latoral stebility with asirplanes having large valies of p.
Thase papers indicate that the instability takes the form
of the Dutch roll, a combinsd rolling and sideslioning
oscillation, and that it 1is associated with high values of
the wing 4ihsdral augle and low vertical-taill area.

In an effort to obdtnin srporimental corrslation with
these theoretical rcsulfs and to determine the combilnations
of vertical-tall mrsa end dlhodral anglo that give the bast
flring gquallties for each loadlng, flight tests of a model
of a typlcal fightar airplan: with propellar removsd and
split flaps doflected 60° have been carried out in the HACA
froe=-flight tunnel., Tho rsecults of this investigation nre’
glven hareln,

Tne flight invoetigation consistod in tasts of tha
model 1an whlch the wing loading was varied to represent
valucs of p from 5.5 to 31.5, Thase valuss of @ corrs-
gpond to wing loadings frem 16 to 90 pounds vpor square foot
for tis eirplene at eea level or from & to 34 pounds per
square foot at 30,000 feet. '

for saca of the lomdlng conditions of the modsel, the
vertical-tall area ani the dlhedral anzlec were varied over
a rangs of values representative of prosent-dey airplane
configaratlions.

Tho rasults of th~ flisht tests of the model have been
correlated with at~%1lity voundariur cnlculeted for the
particuler model st.eted. Ratlirge for spliral stability,
oscillatory stablllity, nnd genernl flizht beshevior are given
for each condition of the model,

SYizBOLS

C;, 1ift cocfficiont (L/qS)

Cy 1latoranl-force coefficisat (Y/q3)

/ N
vowins moment ©

C awlng-moment coefficiant =l

n J S \ 4bS / \

C, rolling-moment coaffigiont ( 11z mony .
qo8 /

L lift, pounds



Po

""lateral fores, pounds - -

mags denglty of alr at standard sea-level conditions,
slugs per cublc foot

masa denglity of eir at flight conditlons, slugs per
cubie foot .

wing span, feet

wing ares, square feet

vertical-tall area, square feet

dynamic pressure, pounds per square foot (1/2pv3)
angle of attack, degrees

alrgpeed, feet per amecond

rate of change of lateral-force coeffilcient with
gideslip, per radian (3Cy/3p)

rate of change of yawing-moment coefflclient with
sideslip, per radian (3C,/3B)

rate of cheange of rolling~moment coefflicient with
sideslip, per radian ?BGI/BB)

rate of change of yawlng~moment coefficlent with
rolling velocity, per unit of pbdb/2V (;cq/a§¥>
rate of change of rolling~moment coefficlent with
rolling veloclty, per unit of pb/2V (acl/a-g-g>
rate of change of roliing~moment coefflcient with
yawing velocilty, pér unit of rb/2V (act/a—;%>
rate of change of yawling-moment coefficilent with
yavwing velocity, per unit of =rbd/2V (acn/a-gg
angle of gldeslip, radiamns

o

'rolling angular velocity, radians per second

-



T yawing angular veloclty, radlans per second

A aspect ratio (b?/5)

n airplane relative~-density factor (m/psﬁ)

m mass, slugs (¥/g)

F4 acceleration of grevity, feet per second per second
| wveight of airplare, pounds |
¥/S wing loading of airplane, pounds per square foo%

Y angle of flight peth to_horizontal. degrees

r dihedral angle, degreas

kx/d ratio of radius of gyration about X axis to wing,
span

ky/b ratlo of radius of gyration about Z azis to wing
span

R Routh's discriminant

b cogfficlent 1n stebllity quartio equation, given in
reference 1

(A1l coefficlents are referred to stabdilitry axes,)
MODEL

Two similar 1/18-gscale models, one of light and one
-0f heavy construction, were used for the tests to permit
large changes 1n wing loading, A drewing of the models as
tested 1s shown in figure 1, )

Both models were so conatructed that welight, dlhedral
anglo, and vertical-tall area could be changed without
affecting the center of gravity or the radlil of gyration,
The llght model, representing a wing loading of 16 pounds
per square foot, was constructed of balsa} whereas the heavy
model, representing wing loadings from 30 to 90 pounds per
square foot, was dullt principslly of spruce and plywood.



Both models were equipped .with split flaps with chords 20
percent of the wing chord., The split flaps, which extended
from the fuselage to the allerons, were deflected 60°, The
controls were electrically operated by a ¥pilot®? in the
gsame manner as those described 1in reference 3, The ratios
of the radii of gyration to the wing span were held con=-
stant at’ _51- = 0,143 and _sz_ = 0,202, and the center of

gravity was held at 33 percent of the.mean aerodynamic
chord. | .

MEASUREMENT OF SIDESLIP DERIVATIVES

The sldeslip derivatives CIB. GnB. and 'GYB wers

determined for the different combinmtlions of vertical~tall
area and dihedral angle by teets on the six~component bal-
ence 1n the NACA free-fllght tunnel, All the tests were
made at an anglo of attack of 89, corresponding to a 1lift
coefficient of 1,0, and at a dynamlc prassuro of 4.09 pounds
por squaroc foot. The derivatives were calculeted from the
slopcs of the curves of O©4q, Ch, and GY plotted agailnst

anzle of yaw., The velucs of GIB and for the conm~-

Gna
binations of dihodral anglo and vertical-tall area are
indicated 1a figure 2.

CALCULATION OF LATERAL~STABILITY BOUNDARIES

Tho 'calculated lateral-stabllity boundaries aras given
in figuro 3 for tho four velues of pu used in the flight
tosts of the model, The boundarles, whiech are the locl of
pointe of neutral spiral stebility (B = 0) and neutral
osclllatory stability (R = 0) at a 1i1ft coefficlent of 1.0,
wore calculated dy using the methods of refercnce 1, which
were based upon the standard stability equetions developed
in referonce 4. The boundary curvas ropresent a simulta-
neous variation of the stadlllity derivatives as glven 1in
table I. It willl be noticed thet the boundariles fer R = O
move upwerd and lnward on the latersl-stability diagram as
» 1is increased. A single I = 0 boundary, however, was
obtalned for all values of p mused; this result indicates
that spirel stadbllity does not change with u.




The leteral-stability boundaries ware obtained bdy
assuming various ratiocs of verticel~tall area to wilng area
§¢y/S and, for each of these ratlos, finding the values of
Cig for which E =0 and for which R = 0, The deriva-

tives Oy v Gné. and G1r were found from tho ghurts.of

refsrence 5. The contribution of the vTertical tall to
-Gnr was, computed by the method of roferc¢nee l. Tiag val-

ues of Acrs(fin) ragquircd for this computatlor and the
variation of an and GYB with tell aree were obtained

from the force tests previously mentloned hereln, The
value of Op, for the model with the vertical tail removed

was estimated from meoeasured data for a similar model.
FPLIGHET TESTS

The flight tests wers made in the FACA free-flight
tunnel, whilch is described in refererce 3, A4ll the tests
for dynamic lateral etability and control were made at a
1ift coefficiont of 1,0. TFor the range of wiing loadlings
covered, the anirgpeeds rdquired for fligit at this 1lift
‘coafficlent varied from 28 to 66 feet per second,

Tke spiranl stabllity of the modél.waé determined by
the pillot from ths rnte at which the model, with controle
fixed, sidesllipped and rollad from levaol Flight.

Osclllatory-stability tests conslgted in starting a
latersel oscillietion by an abrupt movement of the rudder
whilo the model was 1In laterally level flight., Motion
pictures of the flighte wars nnde iz an effort to measure
tha perliod and damping of tho ensuing oscillation; however,
the flights during which .the oscillation was not inter-
rupted by control movements were seldom long onough for tha
dnamping of tho oscillation to be accurately determinod from
tha motion~picture records., Visual observations of the
damping were also made, therefore, to supploment .the motion-
picture records. . .

T™hs lateral cortrol ves Judged by the difficulty with
which wing-level flight was maintained, both with rilorons
and rudder usad together and with ailerons alons, During
the flights with ailleron rlone tho yawing due to allsron
deflection was notsd. The anount of thig yawling and the



"manner in which 'the tiodel returned to neutral was taken.
as an 1ndication of the directional gtabdbllity.

An over~all flight-~behavlior rating based on the
pillot!s opinion of the general nature of the flights was
recorded for each condition, The fectors lnfluencing
these ratings included spiral gstability, the type of the
lateral oscillation, leteral control, and directional
stability.

RESULTS AXD DISCUSSION

Interpretation of Regults

The resulte are given 1n terms of actual eirplane
wing loading at sea level, as the tests were mede at
standard sea~level conditlons. Innsmuch as u is direct-
ly proportional to both wing loading and altlitude, the
date given can be applied to alrplanes flylng at higher
altitudes; that 1s, an airplane with an erctual wing load-
ing of 34 pournds por square foot flylng at an altitude of

30,000 feet, where éL = 0.38, will have the same sta-

o
bility characteristlics s n slmilar airplane with a wing
lozdlng of 90 pounds per sguare foot flylng at sea level,
The varlation of pu with effective wing loeding and alti-
tude is shown 1ln figure 4,

Although the results were obteinad for a modsl with
flaps deflected and without a propeller, n wide range of
stablllity derivatives was covered by varylnz the verticeal-
., tall area and the dilhedral angle. The results apply to
any eirplane having these particular stebllity derivatives
regardless of the alrplane configuretion. The conclusions
regardlag the effect of p on lateral stabillty and con-
trol, however, are belleved to have generel applicatlon.

Leternl Stabllity
Spirel gtabllity.~ In the flights no change in spiral
stabllity with change in W was obeerved., Thig result was
in egreement with the theoreticel stabllity calculations,

Average spiralwstnbillity ratings from flight tests at




different values of 4 are gshown 1n figure 5, which is a
lateral~stsbility dlagram (Gna against -019) on which

the spliral-atabllity boundary from fizure 3 has been lo=-
cateds The ratings are placed on the dilagram at polnts
having coordinates that correspond to the derivatives
GnB and 015 obtained from force tests of the model.

The wide band of neutral retings shows that, over the
rarze covered, the degree of splral atabllity or lnsta-
bility was 8o slight as to make 1t hard to locate defi-
nitely the condition of nesutral spirnl stability. The
ratings indlcats that the calculated boundary does define
r. region of epproximately nesutral splral stablllty.

The tests showed further that ths modsl in a condi-’
tion of definite splral lnstabllity was not hard to fly.
For model conflgurations that gave deflnlite spiral sta-
bility (low vertical-tall area or high dihedral angle),
morcover, the detrimental sffects of adverse yawling due
to ailleron deflection ware mors noticeable than for con-
figurations gilving spiral ianstability. Spiral stability,
therefore, does not appsar important enough to be attaired
at the expanse of other stadility amd control charactaris-~
tiocs. This statement 1s especlally true for high wing
loadings, et which the yawlng caused by aileron deflec-
tion 1n a high-dihadral configuratlion 1s likely to start
or reinforce the latoral oscillatlon.

Oscillatory stability.~ Increasing the valus of p

causod a reduction 1n oscillatory stadbllity, as shown by
the qualitative ratings for damplng of the osclllations in
flgure 6, The magnitude 'of the effects of changés in p
on the damping varied with changes in the model coafigura-
tlon., In general, the greatest effects of W were noted
with the high dihedral angle and small vertical-tall greas,
a8 would be expected from the manner in which the oscilla-
tory-stability boundary (R = 0) shifts with increasing val-
uas of p. (See fig. 6.) '

Tho eoffects of u on the oscillatory stadility with
the smellost tail (tail 1) could bo datermined for only
two tost conditions because af poor directlional-stabillty
characterlstice with this tail. The followlng discussion
is therofore concerned only with tails 2, 3, and 4.

At 0° dihedral, the lateral oscillation wss practical-
ly deadhezt for all values of vertical-tall area and all
valuos of p. No appreciadble reduction in damping with



Ineroase in - could be notéed even with the small ver-

tical tail (tail 2),

At 4° dihedral, the effects of p on the damping of
the osclllation were noticeabdly greater than at 0° but
were not serious for any value of vertical-tall area, At
tho small values of W with a2ll vertical talls and even
at the highest values of {+ with the largest tall, the
damping was heavy. Increasing the value of pu caused a
sizable reduction in the damping with the small vertical
tail (tell 2), but the oscillatory instability indicated
by tho caleculated R = 0 boundary was not noted in the
flight teste at this condition., (See fig. 6.)

At the 8° and 11° dihedral angles, the offect of p
on the damping of the osclllatlon was apparent even with
the lerge vortical tall. Incroasing p caused reductlons
in damping that were sufficlent- iln goms cases to cause
osclllatory instabllity. Thle instabllity was slight,
however, and even for the worst conditioms (11° dihedral,
tail 2, and p = 31,5) dld not prevent the making of some
sustained flights., ©On the other hand, the instabllity was
consldercd ovjectlonabls in that 1%t introduced consider-
ablo difficulty 1in keepling the wilngs lovel with alleron
control, Thisg difficulty was causced by a lightly damped
rolling motlon, which was casentially oscillatory in
naturc dut which was usually started by aileron deflec—
tions,

Although insufficient guantitative data were odbtalned
in the flight tests to afford an accurate experimental
chack of the calculated oscillatory-~stabllity boundaries
for the difforent vezlues of wn, 1%t eppcers from the rate
ings of flgure 6 that the boundariaes were conservative;
that 1s, the calculated boundarles, in genoeral, seemsd to
exaggoerate the detrimental effoect of high values of u on
oscilletory stability and soma theoretically unstable con=
ditions appeared stable in the flight tests. It should be
noted, however, that in no case was the fllght behavior
for theso theoretlcally unstable conditions considered
entirely satisfactory., It therefore appears that, although
these particular stability boundaries were not accurate
Indicatlons of neutral oscillatory stability, thay were
useful to some extent as indications of conditions of un-
gsatisfactory flight behavior,
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Lateral Control

Increasing the valus of u 1ncreased the difficulty
of maintalning a wing-lsvel attitude with alleron control,
In f1lighte with values of p of 21 and 31.5, attempts to
raise a2 low wing by use of the allerons usually resulted
in a bank in the opposite directlon. A%t times, because of
this tendency to overcorrect deviations ir bank, several
alternate right and left alloron deflectlons were neces-
sary to return the modsl to wing-level flight.

It was belleved that the tendency to ovarcoantrol with
the allerons was caused principally by the increased moment
of inertis in roll, although the fact that higher alleron
rolliag velocities were obtslined at high values of 4
prodably contributed to the difficulty. The moment of
inertia increased in direct proportlion to the lncrease .ln
pe The rolling veloclty dus to allerqns increased 1in di-
rect proportion to the square root of pn. This lncreasse
in rolling volocilty was caused by the hlgher alrspesds
necessary for flying at the same 11ft coefficlent with.the
high values of u.

In an offort to determine which of ths two factors -
noment of lnertie in roll or rolling wveloclity dus to
gllerons ~ was the chlof cause of the overcontrol, flights
woers made at p = 31.5 wilth the ailsron travel reduced so
as to prodvce smaller rolling velocitlies, The flights
wore somowhat smoother, but after large disturbances the
tendenc to ovarcontrol when returning to level flight was
etill presocat.

In order to verifr the indication that moment of
inertis was the priancipsal cause of the overcontrol, teats
wore made with the light model (p = 5.5) flown at the same
alrepeed as that used for tho flights at p = 31.5. At
thls alrspeed, which corresponded to a 1lift coefficlent of
about 0.2, the allerons devesloped the same rolling moments
and velociticue as in the tests at p = 31.5, but the flights
were much smoother and showaed none of the tsndencles towerd
o7varcontrol that were noted 1n the fligkts -at heavier load~
ings. It was thus concluded that increased momsut of iner-
tia in roll wae the chlef cause of the overcontrolling dif-
ficultlies at the high values of .

Although the coacluslon that increased moment of
inartia in roll caused overcortrolling difflculties was
established only for a caese in which yu was Increased by
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.increasing wing loading, this fact also holds for the
ceso in which p 1is incrsased by flying at altitude.
For an airplanc flying at altitude the ectual moment of
inertia in roll would be the same as at sea lovel, dut
the ratio of the moment of inertia-in. roll to the aero-
dynamic damping moment oppoeing roll would be greater
because tha damping moment varies directly with elr den~
slty.

General Ilight'Behavior

The general flight behavior of the model became
worge wlth incremsing values of u, as indicated by the
flight-behavior ratings ia filgure 7. These ratings are
indications of the combined effects of all lateral sgta-
bllity and control charactaristics on the nature of the
flights. It appaars from a comparlson of the ratings of
fizure 5 with those of flgure 6 that osclllatory stabdbll-
i1ty was the principal factor influencing the pilot's
opinlon of the general flight behavior of the model in
this investligation.

Comblnations of vertical-tall area end dlhedral aa-
gle that gave the best flights at small values of §
usually gave the besgt flights at higher values of p.

Witk increasing values of pu, however, the number of modol
configurations that gave satisfactory flight bohavior be-
came progreessively smaller, At the low values of u sat-
isfactory behnvior was obtalnsd et all dihedrals with the
two large talls (tails 3 =and 4) and at the low dihedrals
with ta21l 2., At the highest value of u, however, satis-
fectory conditions were obtalned only with small dlhedral
and large talls.

For all values of p the flight tests indicated
that, ia generrl, the best flight behavior was provided
by model coaflgurations that had low values of effective
dihedral and high valuea of effective vertical-tall esree.
With large values of dlhedral, the detrinental effects of
edverse yawlng were usually evident and in some cases the
osclillatory stadility was poor, With low effective
vertical~tall area, the dlrectional stability was poor, as
evidenced by excesslive yawing motlons, The smallest tail
(tail 1) did not provide satisfactory directional stabllity
even with 0° dihedral angle, for which the velue of an

of 0,01 indicated poeltive stadbllity.
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CONCLUSIONS -

Based on tests of two similar 1/18-scale dynamic
models without propeller in the NACA free-flight tunnel,
the following conclusions concerning the effact of wing
loading and altitude, or the airplane relative~density
factor p, on lateral stsbillty and coatrol were reached:

1. The value of pu apparently had no effect on
splrel stability; tile rosult vas in agreement with tho
calculated spiral-stabllity boundaries.

2. Increasing the velue of pn caused a reduction in
oscillotorr stability. Although the trend of this reduc-
tion wos the same .as that lndicated by the calculatad
osciliatory-satadility boundariss, some flights wers pog=-
slble at conditilors well on the unstablo side of the cal-
culnted btouadariass.

3. As p was lncroased, the difficulty of mairtaln-
ing laterrlly leval flight with allerons became grester,

) 4. In goneral, the flight behavior became worse as

# was lancreased. Satisfactory flight behavior for all
loadings was obtalned, however, with small dlhedral and
large vertical-tall arsea.

Langley Momoripl Asronautical Laboretory,
¥etiornpl Advisory Committoe for Acoronautics,
Langley Field, Ve.
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Figure 4.- Variation of p with wing loading and altitude for various
wing spans.
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Figurc 5.- Spiral-stability ratings for various moicl configurations. £1=1.0. (E = 0 curve from figure 3.)



14
/2 A
A
” A
08 _ y.|
Cnﬁ y A y Cnﬁ
04 A 5
+
)
o &+ Bl | > il R—-?
0 o4 08 /2 ./¢5>< /8
~Cg Lafera/-OScillation ranngs
s W =16 5q1t A Stable
. B Shighlly skabe
4 C Sughiy unsiotve
P A D  Unsobke )
A- X Characier of oscil-
p A= laron couy nov be
ai| 50 celermined
Cn A G
s 4 P B+ "
K\/ &- CF
oL X | x I
0 04 B .2 J6 /8
-Clﬁ

=21 Wo=60" 95917

FBURE 6.~ Railngs B aamping oF /aleral OScillaion 7or variods wing loadings and

mocke/ oo'ﬂqucm'ofzs‘.

A R
2 A T >
, iy
A
08 A
A B
A <=0
04 A
0 X 1T s
T X Q
o ot 08 s & .83
Cp 2
4105 W =3095911: I
N O
4 ) 7
2 T o Z
r(f,ﬁ/‘?«o
08 B 1
B—s
J<<<<<( s
O4 P VW=
« o1,
O—frrr X
O 04 08 12 /6 8
'CQS
AU=315;We=90/L5q 1t
il
O
o)




/4
A =
2 A i
I
4 y A
08 y
6/73 VA A= -
B+ 9}’ B
ot —
B ]
0 y\)ylc Ci e Tﬂfgﬁf-&-la
o od a8 sz &2 s
—C e
P =55, We=1685 77 g/f%/g;/gf//vs
' & B-Fair
£70 C-Poor
o T o D-FIlght 1moassible
e
| -
Ame:
Cr L ,
ﬁ B,‘_( )>)>y ((( B_.
-0¢ g (é
, m,<<‘ C# c
0 —b ffg(( Cr
O w4 a8 /2 /6 /8
—CZ

- 3
e 760 6q 1T

14 |
A 3
2 +4
jla 1,
A y
08 ‘
e | A
A_ -: B —
4 y" B " ‘_5—0
7 17 ~
0 s 1 > ‘rfi‘ 0* 5 =O
0 o4 08 /2 ./6 18y
_.Q; . 9
A=105; 5‘§=30/%qft B
14 | B <
B o) - =
2 V- s é’gl : :‘3
.‘ ;\’ -t £=C
.08 («d{ﬂ -
s S/ %@B_ c
O \y& C+
ﬁ‘o lel
s C-
0 e oL L |
0 o4 08 2 /5 U8

— CZ@ .
M=35; ¥6=9095q 1t

FIGURE 7.~ FIRI-belavior 1alings 1or varous wing /0aamgs and 1mookl cormpuraions.

VOVWVN

L by

RENTERy



IIHIWWMIIHHIMI\WIIMWWHIIHHHI

3 1176 01363 9803



